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Abstract The paper presents the experimental results on a
biotrickling pilot plant, with a water scrubber as pre-treatment,
finalized to the treatment of an airborne toluene stream in a
working place. The air stream was characterized by a very
high variability of the inlet concentrations of toluene (range:
4.35–68.20 mg Nm−3) with an average concentrations of
16.41 mg Nm−3. The pilot plant has proved its effectiveness
in toluene removal, along a 90-day experimentation period, in
steady-state conditions. The scrubbing pre-treatment has
achieved an average removal efficiency of 69.9 %, but in
particular it has proven its suitability in the rough removal of
the toluene peak concentrations, allowing a great stability to
the following biological process. The biotrickling stage has
achieved an additional average removal efficiency of
75.6 %, confirming the good biodegradability of toluene.
The biofilm observation by a scanning confocal laser micro-
scope has evidenced a biofilm thickness of 650 μm fully pen-
etrated by toluene degrading bacteria. Among the micro-
population Pseudomonas putida resulted the dominant specie.
This bacterium can therefore be considered the responsible for
most of the toluene degradation. The whole experimented
process has determined an average 92.7% for toluene removal
efficiency. This result meets the most stringent limits and rec-
ommendations for occupational safety, given by authoritative
organizations in the USA and EU; it also meets the odorous
threshold concentration of 11.1 mg Nm−3.
Keywords Toluene . Biotrickling . Air treatment . Air
pollution . VOCs . Occupational exposure
Introduction
Toluene is a clear, colourless liquid with a high volatility and a
distinctive aromatic smell. It is typically contained in petro-
leum and its derivatives in paints, paint thinners, degreasers,
fingernail polish, lacquers, adhesives, resin-glues, cosmetics,
plastics and rubber. Airborne toluene can be found in industries
that produce these goods, as well as in some printing and
leather tanning processes, in many chemical, pharmaceutical
and petrochemical industries. Toluene is also found in the bio-
gas from municipal and industrial waste landfills (Raboni and
Urbini 2014; Raboni et al. 2015a; Urbini et al. 2014) and in the
exhaust gases of vehicles for transport (Raboni et al. 2015b;
Torres et al., 2013; Muttamara et al., 1999; Faber et al., 2013;
Sala Cattaneo et al., 2014). Thus, toluene can be considered a
largely encountered contaminant of work places, as well as of
urban air (Lopes and Bender 1998; Bakeas and Siskos 2002;
Mohamed et al. 2002; Negrea et al. 2008; Yuan et al. 2012;
Raboni et al. 2013; Tong et al. 2013; Kumar et al. 2014;
Mohammed Evuti et al. 2014) as well as of other environmen-
tal systems (Xuefenga et al., 2013). Studies carried out on
workers and animals exposed to toluene generally indicate
Responsible editor: Gerald Thouand
* Paolo Viotti
paolo.viotti@uniroma1.it
Massimo Raboni
mraboni@liuc.it
Vincenzo Torretta
vincenzo.torretta@uninsubria.it
1 School of Industrial Engineering, University LIUC-Cattaneo, Corso
Matteotti 22, I-21053 Castellanza, Varese, Italy
2 Department of Biotechnologies and Life Sciences, University of
Insubria, Via Dunant 3, I-21100 Varese, Italy
3 Department of Civil and Environmental Engineering, University of
Roma “La Sapienza”, Via Eudossiana 18, I-00184 Rome, Italy
Environ Sci Pollut Res (2016) 23:11751–11758
DOI 10.1007/s11356-016-6352-7
that toluene does not cause cancer (US-DHHS 2000), but a
serious health concern are the toluene effects on brain,
resulting in symptomatic and pathological manifestations ca-
pable of altering the physical and mental human well-being.
For these adverse effects it is essential to minimize the
migration of toluene into the environment and, above all, into
the atmosphere, in order to protect the health of workers and
population.
Waste air streams containing toluene are traditionally treat-
ed by means of several physical-chemical and thermal pro-
cesses, such as adsorption, condensation, incineration,
thermo-catalytic oxidation, chemical and photochemical oxi-
dation (Gopinath and Dhanasekar 2012; Estrada et al. 2012;
Mancini et al. 2013; Innocenti et al. 2014). In recent years
biological processes such as biotrickling and biofiltration have
proved a promising perspective due to their low-cost and
energy-efficiency; above all, they proved to be very effective
in treating several industrial air streams. The most known
applications of these processes are in the field of odour remov-
al from exhaust air of composting plant, as well as of waste-
water treatment plant and solid waste treatment plant (Kennes
and Veiga 2010; Copelli et al. 2012; Torretta et al. 2013; Rada
et al. 2014). The importance of these biological processes has
been recently emphasized because of their proved ability to
treat waste air streams with low concentrations of hardly de-
gradable contaminants (Mathur et al. 2007; Christofoletti et al.
2010; Gopinath et al. 2012; Li et al. 2013; Basu et al. 2015;
Copelli et al. 2015; Gopinath et al. 2015; Torretta et al. 2015a,
b).
Biotrickling filters (BTFs) show several advantages over
biofiltration (BF) technologies for air pollution control
(Shareefdeen and Singh 2004), mainly because of its greater
operational flexibility.
This paper reports the results of tests carried out on a pilot
plant with a biotrickling unit, preceded by a water scrubber, in
the treatment of the exhaust air contaminated by toluene
drawn from a closed work place (with occasional presence
of workers) of a petrochemical industry located in Italy; the
treated air flow is then released to the open work place (with
continuous presence of workers).
Materials and methods
Quality of the waste-air stream
The average concentration of toluene in the waste air stream
was 16.41 mg Nm−3, but the results has evidenced a large
variability of concentrations (range min–max: 4.35–
68.18 mg Nm−3; standard deviation: 14.8 mg Nm−3).
Temperatures of the waste air stream were measured and a
mean value of 25.5 °C with small fluctuations (range min–
max: 24.1–27.1 °C; standard deviation: 1.2 °C) was detected.
Pilot plant description
The pilot plant is shown in Fig. 1. The air stream, with a
600 Nm3 h−1 flow rate, is pre-treated by means of a water
scrubber in order to break down the toluene concentration
peaks, thereby reducing the risk of adverse effects on the bi-
ological process. The scrubber effluent is sent to a biotrickling
filter filled with waste bluemussel (Mytilus edulis) shells. This
filling material exhibits a high buffering power, useful to pre-
vent an excessive lowering of pH in the biological process
which could inhibit the bacterial activity.
The main characteristics of the pilot plant are:
& Water scrubber (pre-treatment): number of scrubbers, 1;
diameter, 1.6 m; packing, 2-in Pall rings; height of pack-
ing, 1.6 m; volume of packing, 4.0 m³; water flow rate,
3 m3 h−1;
& Biotrickling filter: number of filters, 1; filter surface, 6 m2;
medium, blue mussel shells (about 10 cm length); filter
height, 1.0 m; volume, 6 m³; water flow rate, 0.9 m3 h−1
continuously recirculated over the medium; water make-
up, 0.02 m3 h−1.
The biotrickling filter was supplied of the required nutri-
ents, N and P, which were added as ammonium phosphate
solution, for the metabolism of bacteria.
Research mainlines
The research initially was focused on the evaluation of the
toluene air exposure limits and on the assessment of the health
risk for workers. The pilot plant experimentation for the treat-
ment of the toluene polluted waste air stream was subsequent-
ly carried out. This experimentation consisted of three consec-
utive steps:
a. First step (start-up): the plant was started up to favour the
regular growth of an acclimated bacterial flora. A selected
consortium of bacteria was prepared by feeding a lab ac-
tivated sludge plant with increasing doses of toluene and
nutrients. A selected consortium of microbial population
was then inoculated in the reactor together with the acti-
vated sludge during the start-up phase (5 l of activated
sludge were collected from the activated pilot plant.
After dilution 50:1 with tap water, the activated sludge
was sprinkled over the surface of the biotrickling filter.
The operation was repeated twice along the start-up).
The air flow rate was progressively increased from
250 Nm3 h−1 up to 600 Nm3 h−1 in 45 days. During this
time the bacterial growth on the biotrickling filter was
observed together with the plant performance. The start-
up period ended when the stabilization of both the
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depuration efficiency and the biofilm growth were
reached.
b. Second step (steady-state operation): the plant regularly
run for 90 consecutive days at 600 Nm3 h−1 air flow rate.
During this period 30 air samples were taken upstream
and downstream each treatment stage (a total of 90 sam-
ples: 30 samples of waste air stream; 30 downstream to
the scrubber; 30 downstream to the biotrickling unit).
c. Third step: the plant performance was evaluated by vary-
ing progressively the air flow rate in the range 250–
750 Nm3 h−1, in order to verify the influence of the empty
bed retention time (EBRT) on the biotrickling efficiency.
This period lasted 90 days and a total of 90 air samples
were collected.
The whole experimentation lasted 225 days.
Analytical methods
The air samples were collected (60 min) onto suitable sorbent
tubes (Anasorb® 747) using a programmable low flow pump
(SKC sample pump with flow range 5–3250 mL min−1) op-
erated at 500 mL min−1 flow rate. After desorption the sam-
ples were analyzed, for toluene detection, by a Gas
Cromatograph (Clarus 680 equipped with a high-resolution
capillary column DB1 length 60 m, diameter 0.32 mm, film
3 μm) fully automated, with programmable pneumatic control
(PPC). The injector settings were 200 °C, vol. 1 μL, modality
split/splitness. The temperature sequence used in the procedure
was 40 °C for 2 min—3 °C/min, 80 °C for 5 min—6 °C/min,
150 °C for 1 min—12 °C/min, 220 °C for 5 min. T detector
180 °C. The gas chromatograph (GC) was interfaced with a
mass spectrometer (MS) detector (Clarus SQ8S) with electron
impact (EI) and 75 L s−1 turbomolecular pump. MS sensitivity
was set at EI full scan 650:1 (signal to noise performance, with
1 pg octafluoronaphthalene). The GC/MS complex was con-
trolled and data analyzed through a TurboMass™ GC/MS
software system (limit of detection: 0.05 mg Nm−3).
Temperature (T) and flow rate (Q) of the waste air streams
were measured by means of a Delta Ohm HD 2303.0 hot wire
anemometer with an AP471 S1 probe (T range: −25–80°C; T
accuracy: ±0.1 °C; Q accuracy: 0.5 % of full scale).
Temperature and pH of water were measured by electrode
probes (HI98191 meter of pH and T, with HI72911B titanium
body electrode), with automatic calibration and automatic
temperature compensated readings (pH range: 0–14; T range:
−20–120°C; pH accuracy: ±0.02; T accuracy: ±0.5 °C).
The consortium of bacteria responsible for toluene biodeg-
radation inside the BTF was identified by collecting biofilm
samples. The community DNAwas than extracted from these
samples by a patented gDNAmini-bacteria Kit and used as the
template for 16S rDNA amplification with bacteria as univer-
sal primers. Amplicons were separated by denaturing gradient
gel electrophoresis. The most abundant ones were separated
from the gel and sequenced. The resulted sequences were then
compared with those present in GenBank (NCBI 2015) using
Fig. 1 Diagram of the pilot plant
Environ Sci Pollut Res (2016) 23:11751–11758 11753
a typical sequence alignment software. Observation of the
biofilm thickness and structure was made with a scanning
confocal laser microscope. Ten shells were collected at differ-
ent heights of the biotrickling packing and subjected to micro-
scopic observation. This procedure was repeated four times
during the steady-state experimentation period (90 days). The
average thickness was calculated as arithmetic mean of the
total 40 samples.
Results and discussion
Occupational safety and exposure limits for toluene
The central nervous system (CNS) is the most vulnerable or-
gan in both humans and animals for acute (short-term) and
chronic (long-term) exposures to toluene by inhalation. CNS
dysfunctions (often reversible) have been frequently observed
in humans acutely exposed to elevated airborne levels of tol-
uene; typical symptoms are fatigue, sleepiness, headaches,
and nausea. Chronic inhalation of toluene also causes irrita-
tion of the upper respiratory tract and eyes, sore throat, dizzi-
ness, and headache. Several studies have reported neurologi-
cal dysfunction, attention deficits, and minor craniofacial and
limb anomalies in children of pregnant women exposed to
high levels of toluene by inhalation. Instead, there is no evi-
dence of carcinogenic effects of toluene.
Table 1 shows the exposure limits and recommendations
adopted in the USA by some authoritative organizations and
in the European Union (EU).
In the USA, the more restrictive limit is adopted by the
State of California; this limit is now an important reference
point for the progress of the related regulations. The limit
values expressed by the EU are indicative, since all member
states are required to establish a national occupational expo-
sure limit value in accordance with national legislation and
practice. In fact, some member states have expressed in their
legislation limits that are markedly more restrictive, such as
Latvia (53.8 mg Nm−3, as TWA), Belgium and France
(76.8 mg Nm−3, as TWA), Finland and Denmark
(96.0 mg Nm−3, as TWA).
In addition to the aforementioned limits and recommenda-
tions to preserve human health from toxicological risks in a
work place, it is also important to consider the olfactory prob-
lem caused by toluene, which still affects the physical and
mental well-being of exposed workers. Toluene has a charac-
teristic aromatic odour, sweet, pungent, with an odour thresh-
old in the range 3.8–11.1 mg Nm−3 (Amoore and Hautala
1983; Cheremisinoff 2000; US-DHHS 2000) representing,
therefore, a potential disturb for the human olfaction.
The comparison of the toluene concentrations in the waste
air stream with the above mentioned limits and recommenda-
tions (essentially, the most restrictive toxicological limits of
Cal/OSHA, USA and the one referred to odorous nuisances)
put in evidence the toxicological and olfactory risks for con-
tinuously exposed workers; it is therefore necessary to reduce
the toluene concentration in the air stream.
Performance of the experimental plant
Figure 2 shows the performance of the pilot plant along the
90 day steady-state experimentation period.
The statistical elaboration of the collected data is presented
in Fig 3.
The water scrubbing achieves a fairly good removal per-
centage of toluene concentration (average efficiency 69.9 %).
This is due its good solubility in water, which can be consid-
ered equal to 531 mg L−1 at 25 °C (US-DHHS 2000). It is also
well known that the rate of solubilization depends from the
driving force p-pv (where p is the partial pressure in air and pv
is the vapour pressure), and that its value increases with the
concentration of the contaminant in the gas phase.
Furthermore, also the solubility in water at equilibrium, ac-
cording to Henry’s Law, depends on p (in addition to temper-
ature). Thus, the removal efficiency of toluene by water scrub-
bing is much greater as higher is the concentration in the waste
air stream. The graph in Figure 4, showing the experimental
correlation between the scrubbing efficiency and the concen-
tration of toluene in the waste air stream, confirms this
correlation.
Table 1 Exposure limits and recommendations (US-DoL-OSHA,
2015; Commission Directive, 2006)
Organization Limit values
[mg Nm−3]
US-OSHA (Occupational Safety and Health
Administration)
Permissible exposure limits (PELs)—general
industry
766 (TWAc)
1149 (Ceilinga)
1915 Peak (10 min)
US-NIOSH (National Institute for Occupational
Safety and Health) recommended exposure
limit (REL)
383 (TWAc)
575 (STELb)
US-ACGIH (American Conference of
Governmental Industrial Hygienists) threshold
limit value (TLV) (2007)
77 (TWAc)
Cal/OSHA (California/Division of Occupational
Safety and Health Administration)
permissible exposure limits (PELs)
38 (TWAc)
1915 (Ceilinga)
575 (STELb)
EU-Commission Directive 2006/15/EC of 7
February 2006
192 (TWAc)
383 (STELb)
a Ceiling: concentration that should not be exceeded at any time
b Short-term exposure limit (STEL): weighted average exposure over a
period of 15 minutes, which should never be exceeded in the workday
c Time-weighted average (TWA): weighted average concentration over
time on a working day of 8 and 40 h a week, to which nearly all workers
may be repeatedly exposed, day after day, without adverse effects
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Of course, this experimental result is influenced by the
particular air/water ratio (300 Nm3 h−1 m−3) applied. It should
also be pointed out that a certain contribution to the removal of
toluene in the scrubber was given by the growth of a thin
biological film on the filling medium. In addition to this good
result in terms of toluene removal efficiency, it is important to
highlight that the water scrubbing pre-treatment allows an
effective smoothing of toluene concentration peaks, with as
direct consequence, a relevant benefit to the stability of the
following biotrickling process.
The treatment based on the biotrickling filter has brought a
further removal of toluene (75.6 % as average) allowing the
achievement of a whole average efficiency of the entire pro-
cess equal to 92.7 %. This biological stage allows the achieve-
ment of a final average concentration of 1.2 mg Nm−3, with
only three peaks over 3.0 mg Nm−3 (the greatest peak amount
to 6.3 mg Nm−3). The result is very interesting from the tox-
icological point of view as it fully meets the limits and recom-
mendations shown in Table 1; at the same time, the result
meets the odorous exposure limit of 11.1 mg Nm−3.
The biofilm observation by a scanning confocal laser mi-
croscope has evidenced a biofilm thickness of 650 μm fully
penetrated by toluene degrading bacteria. In the consortium of
bacteria responsible for toluene biodegradation several species
were identif ied; among it : Pseudomonas putida ,
Pseudomonas fluorescens, Pseudomonas aeroginas M and
NM Ralstonia pickettii, Rhodococcus erythropolis and
Acinetobacter. All these bacteria have revealed ability in
degrading toluene as the sole carbon and energy source.
However, P. putida resulted as the dominant species in the
biofilm and, therefore, this bacterium can be considered as
the major factor responsible for toluene degradation.
P. putida has several catabolic pathways capable of
biodegrading some recalcitrant substrates. Studies with this
bacterium have already identified the biochemical pathways
referred to toluene and other gasoline components, like ben-
zene and xylene (Otenio et al. 2005). In degrading toluene,
P. putida first attacks the methyl group forming benzoate,
which is then degraded by the meta cleavage route. The deg-
radation of toluene suggests the presence of the TOL pathway
in the microorganism.
The degradation pathway leads to linear organic com-
pounds, such as acetaldehyde and pyruvate, which can be
degraded by other bacteria, up to CO2 and H2O. Clearly, the
Fig 2 Performance of the pilot
plant along 90 days
experimentation in steady-state
conditions (air streams analysis
every 3 days)
Fig 3 Performance of the pilot
plant in removing toluene (data
represented as mean, m, standard
deviation, sd, and range, min–
max)
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empty bed retention time (EBRT) can have a significant effect
on the extent of the biodegradation process. More research is
needed to explore this topic.
During the test period, the average temperatures of the air
flow at the inlet and outlet of the biotrickling filter were 22.8
and 21.0 °C, respectively. The temperature of the water
recirculated over the filter was in the range of 20–22 °C and
the pH in the range 7.5–7.7. In particular this last aspect is
noteworthy because it was reached thanks to the buffering
action of the blue mussel shells rich in limestone. The reaction
of the limestone contained in the shell with the carbon dioxide,
produced by the biodegradation, avoided the lowering of pH
in an acidic field, with the consequent possibility of an inhi-
bition of the bacterial activity. This phenomenon determines
the need of the periodical renewal of the shells.
The third test period achieved the result represented in
Figure 5 in which the biotrickling efficiency is represented
as a function of the EBRT.
The results prove the important role of this parameter
(EBRT): the toluene removal efficiency increases with a
marked gradient in correspondence of small EBRT (10–
14 s). The removal efficiency gradient tends to stabilize with
EBRT greater than 16 s, while efficiencies higher than 80 %
are achieved with EBRT above 18 s. This result is really very
interesting, but it should be noted that previous experimenta-
tions, carried out with small lab plant, have achieved an even
higher efficiency (at equal EBRT). This evidence highlights
the importance of minimizing the scale-up effects in the de-
sign of these plants, in addition to the optimization of the
operating conditions.
Figure 6 shows the biotrickling specific elimination capac-
ity for toluene as a function of the volumetric load.
Due to the very low inlet concentrations of toluene, the
initial part of the curve is linear (from 4 to 10 g d−1 m−3),
while at higher volumetric loads (e.g. 15–25 g toluene d−1
m−3) the trend is characterized by a progressively smaller
Fig 4 Removal efficiency of
toluene in the scrubber unit, as a
function of the inlet
concentration, at the specific
conditions evidenced in the graph
legend
Fig 5 Toluene removal
efficiency of the biotrickling unit
as a function of the empty bed
retention time (EBRT)
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gradient. This finding is a direct consequence of the progres-
sive efficiency loss of the biological process. The significant
decrease of the toluene specific removal capacity at volumet-
ric loads greater than 20 g toluene d−1 m−3, apparently anom-
alous, can likely be determined by an inhibitory effect of the
bacterial activity. The highest specific capacity is 18 g d−1 m−3
at a volumetric load equal to 20 g toluene d−1 m−3.
Overall, the performance and stability of the biotrickling
filter has confirmed the good bioavailability of toluene and the
effectiveness of the experimented process.
It is reasonable to believe that the application of higher
EBRT to the biological process may produce additional ben-
efits on the toluene removal performances.
Conclusions
The experimented biotrickling filter pilot plant, in which a
water scrubber pre-treatment is present, has shown its effec-
tiveness in toluene removal from a waste air steam, along the
90 days of the test carried out in steady-state conditions. The
air stream fed to the pilot plant was characterized by a very
high variability of the inlet concentrations of toluene. The
scrubbing pre-treatment achieved an average removal effi-
ciency of 69.9 %, demonstrating its effectiveness in the rough
removal of the toluene peak concentrations and allowing a
good stability inlet to the following biotrickling stage. The
passage through the biotrickling stage determined an addition-
al average removal efficiency of 75.6 %, confirming the good
biodegradability of toluene. The biofilm observation by a
scanning confocal laser microscope has evidenced a biofilm
thickness of 650 μm fully penetrated by toluene degrading
bacteria. Among the micro-population, P. putida resulted as
the dominant species. Therefore, this bacterium can be
considered as the most responsible for toluene degradation.
The whole experimental process determined an average of
92.7 % removal efficiency, leading to an outlet average con-
centration of 1.2 mg Nm−3, with only a few peaks over
3.0 mg Nm−3. This result seems very interesting from the
toxicological point of view as it fully meets the most stringent
limits and recommendations for occupational safety given by
authoritative organizations in the US and EU. Moreover, the
results meet the odorous threshold concentration of
11.1 mg Nm−3.
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